m Hepatitis E virus (HEV) can lead to chronic infection in solid-organ transplant patients. Ribavirin is efficient for treatment of chronically infected patients. Recently, the1634R mutation in the HEV polymerase has been associated with treatment failure. However, it is unclear if this mutation can be used as a prognostic marker of treatment outcome. We studied the prevalence of the 1634R mutation in the HEV polymerase of patients starting ribavirin therapy, the influence of the 1634R variants on the viral response, the frequency of the 1634R mutation in patients whose treatment failed, and its impact on ribavirin retreatment. We analyzed pretreatment samples from 63 solid-organ transplant patients with chronic hepatitis E using deep sequencing; 42 patients had a sustained virologic response (SVR), and 21 were non-SVR patients. We detected the 1634R variant by deep sequencing in 36.5% (23/63) of the patients (proportions, 1.3 to 100%). The 1634R variant was detected in 31.0% (13/42) of baseline plasma samples from patients with SVR and in 47.6% (10/21) in the other patients (P ‫؍‬ 0.2). The presence of this mutation did not influence the initial decrease in viral RNA. Lastly, a second prolonged ribavirin treatment led to SVR in 70% of the patients who initially did not have SVR, despite the presence of the 1634R variant. We conclude that the presence of the 1634R variant at ribavirin initiation does not lead to absolute ribavirin resistance. Although its proportion increased in patients whose treatment failed, the presence of the 1634R variant did not compromise the response to a second ribavirin treatment.
H
epatitis E virus (HEV) is one of the most common causes of acute hepatitis worldwide. HEV belongs to the Hepeviridae family. It is a small, unenveloped virus with a positive-sense, single-stranded, 7.2-kb-long RNA genome. It contains 3 open reading frames (ORF).ORF1 encodes a nonstructural protein of about 1,693 amino acids (aa) with at least four putative functional domains: methyltransferase, papain-like cysteine protease (PCP), helicase, and RNA-dependent RNA polymerase (RdRp). It also has domains that are homologous to those of other plant and animal positive-strand RNA viruses: the Y domain, the polyproline region (PPR), and a macro domain. ORF2 encodes the capsid protein and ORF3 a protein involved in virus egress (1) . Strains infecting humans are classified into 4 major genotypes, HEV1 to HEV4. These genotypes belong to the genus Orthohepevirus (2) . HEV1 and HEV2 infect only humans and are responsible for waterborne outbreaks in developing countries. HEV3 and HEV4 are transmitted zoonotically from animal reservoirs and cause sporadic cases in developed countries (3) . Domestic pigs represent the major animal reservoir. Zoonotic transmission is due to consumption of uncooked or undercooked infected pork or game (wild boar or deer) meat (4) . Rabbit strains that are close to HEV3 have recently been described in both rabbits and humans (5) . Direct transmission after contact with HEV-infected animals also seems possible (3) . Finally, transfusion-transmitted HEV infections have been reported (6) .
Although most HEV infections are asymptomatic, HEV can cause acute hepatitis with severe forms in patients with preexisting liver disease and in pregnant women in developing countries (7) . Extrahepatic manifestations such as hematological manifestations (8) (9) (10) , acute pancreatitis (11) , kidney injuries (12) , or neurological manifestations can also occur (13) (14) (15) .
HEV3 infections can become chronic and progress rapidly to cirrhosis in immunocompromised patients such as patients with human immunodeficiency virus infection (16) , patient with hematologic cancers receiving chemotherapy (17) , and solid-organ transplant recipients (18, 19) . For solid-organ transplant patients with chronic hepatitis E, reducing immunosuppressive drug treatment, especially immunosuppressants that target T cells, is the first-line therapy (20) . If this fails, the treatment of choice for most patients is ribavirin monotherapy for a mean duration of 3 months (21, 22) . Although the sustained virological response (SVR) rate was 78% in a multicenter study, treatment failure did occur, either as a partial response to ribavirin or as viral recurrence after therapy cessation (23) . A G1634R mutation in the C-terminal region of the HEV polymerase was found recently in 2 solidorgan transplant patients who failed to clear HEV after ribavirin treatment (24) . In vitro experiments using a subgenomic replicon, infectious virus, and competition assays indicated that the 1634R variant of HEV3 replicates more efficiently than HEV3 lacking this mutation, but it is unclear whether this mutation can be used as a prognostic marker to adjust the dose and duration of ribavirin therapy.
We therefore determined the prevalence of the 1634R mutation in the HEV polymerase of patients starting ribavirin therapy using deep sequencing, the influence of the variants harboring this mutation on the viral response, the frequency of the 1634R mutation in patients whose treatment failed, and its impact on retreatment with ribavirin.
MATERIALS AND METHODS
Ethics statement. Biological materials and clinical data were obtained for a standard virus diagnosis, following physicians' orders. This noninterventional study involved no additional procedures (no specific sampling, no modification of the sampling protocol, and no questions in addition to the national standardized questionnaire). Data were analyzed using an anonymized database. Such a protocol does not require written informed consent according to French public health law (CSP Art L 1121-1.1).
Patients and clinical samples. Sixty-three solid-organ transplant patients chronically infected with HEV3 included 40 patients who were included in a previous multicenter study (21) and 23 who were recruited independently. The ribavirin dosage was adjusted according to renal clearance. All patients were given ribavirin for a median of 3 months (range, 3 to 18 months), and 42 of them had a sustained virologic response defined as negative plasma HEV RNA at the end of treatment and 6 months after treatment withdrawal. Patients with a partial response (n ϭ 2) were defined as those who had a viremia decline but were plasma HEV RNA positive at the end of treatment. Patients with relapse (n ϭ 19) was defined as those who achieved an end-of-treatment response (undetectable plasma HEV RNA) but whose HEV RNA reappeared 1 to 3 months later. This study was approved by the institutional review boards at Toulouse University Hospital.
Blood samples were collected and stored at Ϫ80°C. The HEV polymerase sequences of all patients were determined before starting treatment (baseline) and at the end of ribavirin therapy for partial responders or at the time of the relapse for the other patients.
Plasma HEV RNA concentrations and genotype determination. The concentrations of HEV RNA in the plasma samples were measured by real-time PCR targeting ORF3 as previously described (25) . HEV genotype was determined by sequencing a 348-nucleotide (nt) fragment within the ORF2 gene and phylogenetic analysis with HEV reference strains (GenBank) (26) .
Deep sequencing of the HEV polymerase C-terminal region. Deep sequencing was performed on a 454 GS Junior instrument. A 451-nucleotide fragment encompassing the C-terminal region of the HEV polymerase was generated by nested reverse transcription-PCR (RT-PCR). RT-PCR was performed in duplicate with sense primer AGTGYGGCATGCC CCAGTGGCTTATCCG and antisense primer AGGGGTTGGTTGGA TGAA under the following conditions: 1 h at 55°C, 2 min at 94°C, and 45 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min 30 s at 68°C. The RT-PCR products were pooled, and nested PCR was performed with Phusion (Thermo Scientific Finnzymes, Illkirch Graffenstaden, France) with sense primer TGAAGGTYGAYTAYCGGCCTAT and antisense primer GCCG GTGGCGCGGGCAGCATAGGCA under the following conditions: 30 s at 98°C; 45 cycles of 5 s at 98°C, 10 s at 55°C, and 30 s at 72°C; and a final extension at 72°C for 5 min. The amplified PCR products were purified using Agencourt Ampure PCR purification beads (Beckman Coulter, Brea, CA) and quantified with the Quant-iT Picogreen double-stranded DNA (dsDNA) assay kit (Invitrogen) on a LightCycler 480 (Roche). Nested PCR products were clonally amplified on capture beads in waterin-oil emulsion microreactors. A total of 500,000 enriched-DNA beads were deposited in the wells of a full GS Junior Titanium PicoTiterPlate device and pyrosequenced in both the forward and reverse directions. The 200 nucleotide cycles were performed in a 10-h sequencing run. Phylogenetic analyses excluded any possibility of sample contamination.
The sequence reads of the C-terminal region of the HEV polymerase were quantified using GS amplicon variant analyzer (AVA) software, version 2.5p1 (Roche). The AVA software assigns each read to the proper amplicon and sample using multiplex identifiers. The sequence reads were aligned with the HEV3f TLS09-0 consensus sequence (GenBank accession no. KC166967), and sequence alignments were manually edited to correct for insertions or deletions in homopolymeric regions that would result in a frameshift.
Sensitivity of ultradeep pyrosequencing for detecting 1634R variants. We assessed the frequency of errors resulting from HEV polymerase amplification and GS Junior pyrosequencing by analyzing the data from a panel of 5 plasmid clones of HEV polymerase previously sequenced by the Sanger method. The mean error rate of PCR and pyrosequencing was 0.38% (99% confidence interval, 0.17% to 0.45%). The upper confidence limit of the error rate was used to calculate the sensitivity of pyrosequencing for a given number of reads. The Poisson distribution was used to distinguish authentic variants from artifactual 1634R sequences due to errors arising during PCR amplification and pyrosequencing. P values of Ͻ0.001 were considered to be statistically significant. The detection threshold for 1634R variants varied according to the number of reads of HEV polymerase for each sample (Fig. 1) . The number of reads ranged from 500 (sensitivity, 1.6%) to 4,000 (sensitivity, 0.8%).
Direct nucleotide sequencing. Nested PCR products were sequenced on both strands by the dideoxy chain termination method (Prism Ready Reaction AmpliTaq Fs and BigDye terminator; Applied Biosystems, Paris, France) on an ABI 3130XL analyzer (Applied Biosystems, Foster City, CA, USA) using the same sense and antisense primers as used for deep sequencing. Electropherogram data were analyzed using Sequencher 4.8 (Gene Codes Corporation).
Statistical analysis. Quantitative variables were compared using the Wilcoxon rank sum test. The Wilcoxon signed-rank test was used for matched pairs. Categorical variables were tested using the 2 test or Fisher's exact test. The Wilcoxon signed-rank test was used for matched pairs. A statistically significant difference was defined as a P value of Ͻ0.05. 
RESULTS
Detection of the 1634R mutation before ribavirin initiation. We studied 63 solid-organ transplant recipients with chronic hepatitis E who started their first ribavirin treatment. The 1634R variant was detected at baseline in 36.5% (23/63) of plasma samples in proportions from 1.3% to 100% (median, 8.2%). Patients infected with a 1634R-containing virus had a higher plasma HEV RNA concentration at baseline than did patients in whom the 1634R mutation was not detected (Table 1) . Patients infected with HEV3e also tended to be more frequently infected with 1634R viruses.
The 63 solid-organ transplant patients included 42 patients (66.7%) who had a sustained virologic response (SVR), two patients who did not achieve a negative viremia at the end of treatment (partial responders), and 19 patients who had a negative viremia at the end of treatment but whose infection recurred 1 to 3 months after therapy (relapsers). We found the 1634R variant in 31.0% (13/42) of baseline plasma samples from patients with SVR and in 47.6% (10/21) of baseline plasma samples from the other patients (P ϭ 0.20). The median proportions of the 1634R variant within the quasispecies were 8.2% (range, 1.3 to 100%) in patients with SVR and 52.1% (range, 1.5 to 100%) in the other patients. The proportions of 1634R variant in the two groups of patients (with or without SVR) were not different (P ϭ 0.85), as the bars were intermixed (Fig. 2) .
In addition, the SVR of patients without the 1634R variant was 72%, and it was 61% in those whose proportion of the 1634R variant was below 20% and 50% in those whose proportion of 1634R variant was Ͼ20%. However, these differences were not significant (P ϭ 0.36).
Direct population sequencing with the Sanger method showed that 5/42 patients (11.9%) with SVR harbored 1634R variants, while 5/21 patients (23.8%) without SVR harbored 1634R variants (P ϭ 0.28). Direct sequencing did not detect the 1634R variant when the proportion of 1634R variants detected by deep sequencing was below 20%.
Lastly, the duration of ribavirin treatment was analyzed, as it could influence therapy outcome. The median treatment time for the SVR group was 3 months (range, 3 to 18 months), and that for the non-SVR group was 3 months (range, 3 to 6 months) (P ϭ 0.65). We also studied the relationship between the median treatment time and the presence of the 1634R variant. The median treatment time for the 1634R group was 3 months (range, 3 to 18 months), and that for the group of patients without the 1634R variant was 3 months (range, 3 to 11 months) (P ϭ 0.2).
Impact of the 1634R mutation on early virologic response. We analyzed the influence of the 1634R variant on the early rate of virus decrease under ribavirin therapy in a subgroup of 16 patients on the same immunosuppressive regime (tacrolimus, mycophenolic acid, and steroids). Half of these patients (8/16) were infected with a 1634R-containing virus. Of each group of 8 patients, 4 had an SVR and 4 had no SVR. The HEV RNA concentrations in the 2 groups decreased similarly (Fig. 3) . The drops between days 0 and 7 were Ϫ0.7 (range, Ϫ2.2 to Ϫ0.4) log copies/ml in 1634R variant-infected patients and Ϫ0.9 (Ϫ1.5 to 0.1) log copies/ml in patients who were not (P ϭ 0.87), those between days 0 and 15 were Ϫ2.2 (Ϫ3.3 to Ϫ0.7) log copies/ml and Ϫ1.7 (Ϫ3.2 to Ϫ0.7) log copies/ml (P ϭ 0.25), those between days 0 and 21 were Ϫ2.7 (Ϫ3.3 to Ϫ0.7) log copies/ml and Ϫ2.2 (Ϫ4.9 to Ϫ1.5) log copies/ml (P ϭ 0.16), and those between days 0 and 30 were Ϫ3.2 (Ϫ4.4 to Ϫ0.2.4) log copies/ml and Ϫ2.9 (Ϫ5.5 to 1.5) log copies/ml (P ϭ 0.09).
Detection of the 1634R variant in non-SVR patients after treatment withdrawal. Among the 21 patients who had no SVR, the 1634R variant was detected in one of the two partial responders at the end of treatment and in 92.3% (12/13) of relapsers at the time of relapse. The genomic region encoding the HEV RNA polymerase could not be amplified in 6 relapsers due to the low virus concentration. Many (13/15; 87%) of the patients who were tested for the mutation before retreatment were found to harbor it after their initial unsuccessful treatment. This proportion was higher than that found before the first treatment (26/63; 37%) (P Ͻ 0.01). The 1634R variant emerged in 7 patients for whom the mutation was not detected at baseline (including 1 partial responder and 6 relapsers), with a median proportion of 6.1% (range, 2.3 to 45.6%). In the 6 patients whose 1634R variant was detected at baseline, the median proportion at relapse (73.0%; range, 3.9 to 100%) was higher than the median proportion at baseline (2.1%; range, 1.2 to 100%) (P Ͻ 0.01).
Twenty patients (2 partial responders and 18 relapsers) were retreated with ribavirin for a median duration of 6 months (range, 5 to 11 months).The patients were retreated as soon as the relapse was diagnosed. The median proportion of the 1634R variant before first treatment was 0% (range, 0 to 100%), and it was 17.3% (0 to 100%) at the beginning of the second. Thus, the proportion of the 1634R variants in relapsers was higher at the beginning of the second treatment (P Ͻ 0.01). The 1634R variant emerged in one partial responder and was still present at the beginning of the second treatment.
The majority (14/20; 70.0%) had a sustained virologic response, and they included 8 patients infected with a 1634R variant, 1 who was not, and 5 in whom it was undetermined (Fig. 4) . Neither of the two partial responders had a negative viremia after the second treatment. The 1634R variant was detected in the same patient in whom the 1634R variant emerged after the first treatment (Fig. 4) .
DISCUSSION
In this study, we used deep sequencing analysis to determine the prevalence and the impact of the 1634R mutation in the HEV polymerase gene in 63 solid-organ transplant recipients chronically infected with HEV who initiated ribavirin treatment.
The distributions of the 1634R variant in SVR and non-SVR patients were similar when assayed using deep sequencing and direct sequencing with the Sanger method. Thus, the detection of the 1634R mutation does not indicate absolute ribavirin resistance.
The 1634R variant was found in about one-third of the HEVinfected patients and tends to be more frequently associated with HEV3e infection. The complete genome sequence data available in GenBank indicate that this mutation is present in all HEV3e (7/7), in 6/21 HEV3f, and in 0/6 HEV3c/3i strains. However, there is no evidence that HEV3 pathogenesis is virus dependent (27) . Also the HEV RNA concentration in the plasma of patients infected with the 1634R variant virus was higher at the beginning of ribavirin treatment. The difference is slight, but this agrees well with in vitro experiments demonstrating that the replicative capacities of HEV3 and HEV1 with the 1634R mutation are higher than the replicative capacities of the same strains without this mutation (24) . Thus, 1634R mutation confers only a limited replicative advantage in vivo. A recent study showed that hepatitis C virus that has increased replicative fitness is also partially resistant to inhibitors that target virus or cell proteins, including alpha interferon (IFN-␣), ribavirin, telaprevir, and daclatasvir (28) . It was suggested that prolonged replication of HCV in the liver environment during chronic infection could lead to an increase in viral fitness. Consequently, higher drug concentrations or longer treatment duration could be required to achieve antiviral effects comparable to those attained with a low-replicative-fitness virus. In our study, there was no difference in duration of infection before ribavirin therapy between patients infected with a variant harboring or not harboring the 1634R mutation. Thus, the appearance of the 1634R variant does not seem to be associated with the duration of the infection. Other HEV variants with improved replicative capacity in cell culture system were recently isolated from both stool and plasma samples (29) (30) (31) . These variants were recombinant HEV3 with insertion of part of either a human gene or the HEV genome in the PPR. These recombinant viruses were isolated exclusively in chronically infected solid-organ transplant patients during the chronic phase, suggesting that adaptation of HEV can occur long after the acute phase. Alternatively, such recombinant events could be the consequence of a modification in the host environment. However, the sensitivity of these variants to ribavirin is unknown.
One report suggested that the unique F415Y mutation in the HCV polymerase results in ribavirin resistance, indicating that mutation in the polymerase can confer intrinsic resistance to ribavirin (32) . We found that the presence of the 1634R mutation in the HEV polymerase does not influence the early rate of HEV replication, which is a key parameter of SVR for ribavirin (33) . It was shown that a decrease of Ն0.5 log copies/ml in the HEV RNA concentration within the first week of ribavirin treatment is an independent predictive factor for SVR (33) . As the presence of the 1634R variant does not influence the early kinetics, it seems better to monitor the decrease in HEV RNA concentration to predict treatment outcome. In addition, a prolonged fecal shedding of HEV in patients on ribavirin therapy was also associated with relapse (34) .
We detected 1634R variants in most patients at relapse or at the end of the first course of ribavirin treatment. The proportion of this variant increased after the initial unsuccessful therapy. However, a second, more prolonged ribavirin treatment lead to an SVR in 70% of the patients harboring the 1634R variant at relapse, which is quite similar to the percentage of SVR obtained in patients initiating a first-line therapy. Thus, the presence of the 1634R variant does not impair ribavirin treatment success, even after a first exposure. Another recent study showed that prolonged retreatment successfully cleared of HEV a patient whose first course of ribavirin failed to do so. The 1634R mutation was detected in this patient at relapse (35) . However, the retreatment was longer than the first treatment, suggesting that the longer treatment period could at least in part explain this favorable outcome. The 1634R variant appeared after ribavirin treatment but was unlikely to be the cause of treatment failure. Perhaps it is one cofactor making it harder to achieve SVR. Quasispecies heterogeneity could also contribute to ribavirin success. In solid-organ transplant patients, it was shown that spontaneous HEV RNA clearance was associated with a lower quasispecies heterogeneity (36, 37) .
The quasispecies heterogeneity could play a role in patients on ribavirin therapy. A recent study showed that exposure to ribavirin in vitro increases quasispecies diversity in a murine norovirus model by increasing nucleotide substitution (38) . This could favor the emergence/increase of the 1634R variant.
To date, the mechanisms by which ribavirin exerts its antiviral activity on HEV are unclear. In vitro experiments have shown that ribavirin inhibits HEV replication, depleting intracellular GTP pools through inhibition of host IMP dehydrogenase (IMPDH).
In vitro experiments have shown that mycophenolic acid (MPA) also inhibits HEV replication by depleting the intracellular GTP pools through inhibition of IMPDH (39) . However, the use of mycophenolate mofetil (MMF), a prodrug of MPA, in transplant patient with chronic hepatitis E was not associated with a better antiviral response (33) . Thus, even though in vitro antiviral activity of MPA and ribavirin relies on the depletion of GTP pool, other mechanisms may also contribute to an antiviral effect in vivo.
Ribavirin could also induce lethal mutagenesis, i.e., increase the number of mutations per genome until it is too large for newly generated variants to be viable (40) . Yet another possible mechanism of ribavirin action is inhibition of eukaryote initiation factor 4E (eIF4E). eIF4E is a component of the translation initiation complex, and ribavirin would act as an analogue of the 7-methylguanosine mRNA cap (41) . Ribavirin antiviral activity could also be due to immunomodulation. In this schema, ribavirin increases T helper 1 responses, reverses the regulatory T cell (Treg)-mediated suppression of CD4 effector T cells, or improves the interferon signaling cascade, leading to modulation of interferon-stimulated gene (ISG) expression (42, 43) . Lastly, the production of IFN-␥ by NK cells could be modulated by ribavirin (44) . Implication of the immune system in an optimal response to ribavirin treatment is also suggested by the fact that the lymphocyte count at the initiation of ribavirin treatment is an independent predictive factor associated with an SVR (21) .
One limitation of our study is the small number of patients; our results need to be confirmed in larger cohorts of patients. At baseline, the 1634R variant was more frequent in patients with ribavirin treatment failure than in patients with SVR. However, this difference failed to reach significance.
We conclude that although in vitro and in vivo data indicate that variants harboring the 1634R mutation have a high replicative capacity, the presence of this mutation before initiation of ribavirin therapy does not lead to absolute ribavirin resistance, as depicted previously in single case reports. In addition, its presence in relapsers does not preclude virus eradication by more prolonged therapy. Further studies are needed to decipher the mechanism involved in HEV resistance to ribavirin.
